Genomic imprinting is a phenomenon that causes parent-origin-specific monoallelic expression of a small subset of genes, known as imprinted genes, by parentally inherited epigenetic marks. Imprinted genes at the delta-like homolog 1 gene (Dlk1)-type III iodothyronine deiodinase gene (Dio3) imprinted domain, regulated by intergenic differentially methylated region (IG-DMR), are essential for normal development of late embryonic stages. Although the functions of IG-DMR have been reported by generating knockout mice, molecular details of the regulatory mechanisms are not fully understood as the specific sequence(s) of IG-DMR have not been identified. Here, we generated mutant mice by deleting a 216 bp tandem repeated sequence in IG-DMR, which comprised seven repeats of 24 bp motifs, by genome editing technologies. The mutant mice showed that paternal transmission of the deletion allele, but not maternal transmission, induces severe growth retardation and perinatal lethality, possibly due to placental defects. Embryos with a paternally transmitted deletion allele showed biallelic expression of maternally expressed genes and repression of paternally expressed genes. DNA methylation status also showed loss of methylation at IG-DMR and Gtl2-DMR, indicating that the tandem repeat sequence of IG-DMR is one of the functional sequences of IG-DMR, which is required for maintaining DNA methylation imprints of paternal allele at IG-DMR.
Introduction
Genomic imprinting is a phenomenon that causes parentorigin-specific monoallelic expression of a small subset of genes, known as imprinted genes, by parentally inherited epigenetic marks. Imprinted genes tend to be clustered in a genome, and their expression are controlled by a cis-regulatory element called imprinting control region (ICR) (1) . ICRs contain differentially methylated region (DMR), in which DNA is imprinted genes (5, 6) . Thus far, 19 ICRs with maternal allelespecific DNA methylation have been identified, whereas only three ICRs [for insulin-like growth factor 2 (Igf2)-H19, Dlk1-Dio3 and RAS protein-specific guanine nucleotide-releasing factor 1 (Rasgrf1)] have been identified as containing paternal allelespecific DNA methylation (7) .
The Dlk1-Dio3 imprinted domain, located on mouse chromosome 12/human chromosome 14, is an imprinted gene cluster with three paternally expressed protein-coding genes [delta-like homolog 1 gene (Dlk1), Rtl1 and type III iodothyronine deiodinase gene (Dio3)] and four maternally expressed non-coding RNAs, including microRNAs (Gtl2, Rtl1as, Rian and Mirg; Fig. 1A ) (8) (9) (10) (11) (12) (13) . Imprinted genes in this region are essential for normal development of late embryonic stages as observed by generation of paternal and maternal uniparental disomy for chromosome 12 (pUPD12 or mUPD12, respectively) or studies using knockout (KO) mice (14) (15) (16) (17) (18) (19) . Imprinted genes at the Dlk1-Dio3 domain are cis-regulated by intergenic DMR (IG-DMR) located between Dlk1 and Gtl2, which spans a region of $9 kb and is the ICR of this domain with sperm-derived methylation (20) . The role of IG-DMR in regulation of the imprinted genes has been demonstrated by producing KO mice lacking the 4.1 kb region of IG-DMR (IG-DMR KO ). Lin et al. (21) showed that mice with paternally inherited IG-DMR KO allele (IG-DMR þ/KO ) exhibit no gross phenotype, whereas maternally inherited IG-DMR KO allele (IG-DMR KO/þ ) causes perinatal lethality, in which paternally expressed genes are biallelically expressed and maternally expressed genes are repressed (21) . This situation is similar to that of pUPD12 embryos. Thus, it can be considered that regulatory sequence(s) of IG-DMR exist at the unmethylated maternal allele in the 4.1 kb deleted region. However, molecular details of the regulatory mechanisms of imprinting at the Dlk1-Dio3 domain mediated by IG-DMR are not fully understood as the specific regulatory sequence(s) in the 4.1 kb deleted region of IG-DMR have not been identified.
However, Paulsen et al. (22) identified a CpG-rich tandem repeat array in the 4.1 kb deleted region. Unlike repetitive elements, such as long interspersed elements (LINEs) or short interspersed elements (SINEs), the repeat array of IG-DMR (referred IG-DMR-Rep) consists of seven 24 bp motifs in a 216 bp region (Fig. 1B) . Tandem repeat arrays in ICRs, the methylation of which is derived from the sperm, tend to play important roles in establishing genomic imprinting at the cis-linked loci (23, 24) ; therefore, we hypothesized that IG-DMR-Rep is one of the regulatory sequences in IG-DMR and that its deletion causes the phenotypes resembling those of mice with maternally inherited IG-DMR KO . In this study, to examine the role of IG-DMR-Rep, we generated IG-DMR-Rep KO mice using genome editing technologies and analyzed the phenotypes of the mutants. Agarose gel electrophoresis image of PCR products amplified using genotyping primers is shown. White and black arrowheads indicate WT and DRep alleles, respectively. M, 100 bp ladder marker.
Results

Generation of IG-DMR DRep mice by genome editing
To examine whether IG-DMR-Rep plays a role in imprinting regulation of the Dlk1-Dio3 domain, we generated IG-DMR-Rep KO (IG-DMR DRep ) mice by genome editing. First, we designed two pairs of transcription activator-like effector-based nuclease (TALEN) vectors flanking the IG-DMR-Rep sequence as shown in Figure 1C and Supplementary Material, Figure S1 . Four TALEN mRNAs were injected into 2358 zygotes in total, and 646 founder pups were obtained (Supplementary Material, Table S1 ). PCR genotyping analysis of the pups showed that only one (#T334) had a 336 bp deleted allele, which included the entire sequence of IG-DMR-Rep ( Fig. 1D and Supplementary Material, Fig. S2 ).
Because the efficiency of introducing deletion was low with this method, the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) system was adopted instead of TALEN. We synthesized a pair of single- Table S1 ).
To generate the F 1 offspring, we crossed mice carrying the IG-DMR DRep allele with wild-type (WT) C57BL/6 (B6) mice. The #T334 male generated using TALEN was mated with B6 females, and 140 living F 1 pups were obtained; however, only one male harbored the IG-DMR DRep allele. The pup was fertile, but died at an age of 15 weeks. A similar tendency was observed when founder males harboring the deletion, generated using CRISPR/ Cas9, were mated with B6 females. Although three founder males were used in total, one of the 81 living pups at 0 days post-partum (dpp) was identified as containing the deletion allele. In contrast, when 11 founder female mice were crossed with B6 males, 41 of 145 living pups obtained harbored the deletion; these pups aged normally and were fertile ( Table 1 ). The skewed proportion of numbers of the WT and the deletion in maternally transmitted F 1 pups from the Mendelian ratio was possibly due to the mosaicism of the founder mice generated by genome editing. Finally, we successfully established a mouse line carrying the deletion allele derived from female founder #C257 (420 bp deletion, with complete deletion of the IG-DMRRep sequence; Fig. 1D ; 0.115 6 0.006 g versus 0.095 6 0.006 g, P ¼ 0.0419). The difference in fetal body weights between WT and IG-DMR þ/DRep was significantly increased from 14.5 dpc
; 0.223 6 0.01 g versus 0.184 6 0.007 g, P < 0.001) to 18.5 dpc (WT versus IG-DMR þ/DRep ; 1.218 6 0.043 g versus 0.76 6 0.028 g, P < 0.001) ( Table 2 and Fig. 2C ). These results suggest that the growth retardation observed in IG-DMR þ/DRep fetuses started at approximately 13.5 dpc, which possibly influenced embryonic lethality at the later stage. Notably, placental weights of IG-DMR þ/DRep embryos at 14.5 and 18.5 dpc were also significantly decreased compared with those of the WT at corresponding stages, whereas reduction in placental weights was not observed in IG-DMR þ/DRep at 13.5 dpc (Fig. 2D ). Histological analysis of placenta tissue samples revealed a thinner labyrinth layer of IG-DMR þ/DRep placenta compared with WT placenta at 18.5 dpc (Fig. 3A , C and E). There were no differences in the relative thickness of the labyrinth layer between the WT and IG-DMR þ/DRep placenta at 14.5 dpc (Fig. 3B , D and E), suggesting that the placental defects due to impairment of labyrinth layer development appeared at 14.5 dpc. Taken together, these results demonstrate that paternal transmission of IG-DMR-Rep is required for normal development of embryos and placentas during mid-to-late gestational stage.
Loss of imprinting at the Dlk1-Dio3 domain in IG-DMR þ/DRep embryos
We next examined the epigenetic status of the Dlk1-Dio3 domain because it is presumed that the lethality and pre-and postnatal defects of IG-DMR þ/DRep embryos were caused by loss of imprinting of the domain. First, we examined the expression levels of the imprinted genes at the Dlk1-Dio3 domain because in case of loss of imprinting, abnormal expression levels should be observed in IG-DMR þ/DRep mice. Therefore, quantitative RT-PCR (qRT-PCR) analysis using RNAs prepared from 14.5 dpc embryos was performed. The results showed that the expression levels of paternally expressed Dlk1 were significantly reduced (0.16-fold of WT) in IG-DMR þ/DRep embryos, whereas no changes were observed in IG-DMR DRep/þ embryos. Similar results were observed for Rtl1 and Dio3, with the values being 0.09-fold and 0.42-fold of WT, respectively. In contrast, the expression levels of maternally expressed Gtl2, Rian and Mirg were upregulated by embryos, whereas similar methylation levels were observed between WT and IG-DMR DRep/þ embryos (WT versus IG-DMR þ/DRep ¼ 85.9% versus 32.5%; P < 0.01; Fig. 5C ). Earlier stages of IG-DMR þ/DRep embryos were also analyzed. IG-DMR was completely hypomethylated at 9.5 dpc, whereas a low level of methylation remained at 6.5 dpc (Fig. 5D ). In contrast, Gtl2-DMR was hypomethylated at both 6.5 and 9.5 dpc (Supplementary Material, Fig. S3 ). These results indicate that loss of DNA methylation imprints occurred in IG-DMR þ/DRep embryos, which was correlated with the expression status of the imprinted genes. Because methylation of IG-DMR is established during spermatogenesis and maintained through fertilization to birth, we cannot distinguish whether DNA methylation of paternally inherited IG-DMR in IG-DMR þ/DRep embryos was lost because of failure in establishing methylation in sperm or in maintaining the methylation after fertilization. To distinguish between these possibilities, DNA methylation of sperms collected from IG-DMR þ/DRep males was analyzed by bisulfite sequencing.
The result showed that DNA was almost fully methylated in IG-DMR þ/DRep , which was similar to that in WT mice (Fig. 5D ),
suggesting that DNA methylation of paternally inherited IG-DMR in IG-DMR þ/DRep was lost sometime between sperm and 6.5 dpc, possibly during preimplantation development. Taken together, our results suggest that IG-DMR-Rep is essential for the establishment of imprinting of paternal allele at the Dlk1-Dio3 domain through the maintenance of DNA methylation imprints at IG-DMR during embryonic development. 
Discussion
In this study, we focused on the repeat array in the IG-DMR sequence and elucidated its role in imprinted gene expression and embryonic development by producing IG-DMR DRep mice. A previous study has shown that maternal inheritance of the 4.1 kb deletion at IG-DMR results in genomic imprints at the Dlk1-Dio3 domain, with the same epigenetic status as the paternal allele, and perinatal lethality (21 lele, but not maternal inheritance, resulted in hypomethylation at IG-DMR and Gtl2-DMR, with the same epigenetic status as the maternal allele, and embryonic lethality (Fig. 6) . These results were contradictory to those for IG-DMR KO onic or perinatal lethality with growth retardation, which was similar to that observed in embryos with paternal deletion of Rtl1 (Rtl1 KO). The reduction in the labyrinth layer during 14.5-18.5 dpc occurred in the placenta and resulted in prenatal and postnatal lethality of Rtl1 KO fetuses. In embryos, growth retardation of IG-DMR þ/DRep began at approximately 13.5 dpc, whereas it was not evident until 15.5 dpc in Rtl1 KO, suggesting that aberrant expression of other imprinted genes affects the phenotypes (15, 18, 27) . In addition, our results showed that loss of methylation at paternal IG-DMR and Gtl2-DMR leads to the repression of paternally expressed genes and biallelic expression of maternally expressed genes in IG-DMR þ/DRep fetuses, suggesting that loss of methylation imprints at IG-DMR results in the maternalization of the paternal allele of the Dlk1-Dio3 domain. However, the observation of the dissimilarity in IG-DMR þ/DRep phenotypes to the mUPD12 mouse model imply that the loss of methylation imprints by deletion of IG-DMR-Rep leads to an incomplete maternalization of the paternal Dlk1-Dio3 domain, or that there are genetic background affects (14) . Loss of imprinting identified in IG-DMR þ/DRep was caused by a failure to maintain IG-DMR methylation through embryonic development, because IG-DMR was methylated in IG-DMR þ/DRep sperm but not in 14.5 dpc embryos. A reason of this failure could be the loss of IG-DMR-Rep-binding protein(s) required for the maintenance of methylation. A possible candidate for such proteins is the transcription factor zinc finger protein 57 (ZFP57) because it binds specifically to methylated TGCCGC sequence, which is repeated five times in IG-DMR-Rep, and maternal/zygotic KO of Zfp57 leads to loss of methylation of IG-DMR and aberrant gene expression of the Dlk1-Dio3 domain (28) . Actual in vivo binding of ZFP57 to IG-DMR-Rep has been demonstrated by chromatin immunoprecipitation sequencing using embryonic stem cells (29) . ZFP57 interacts with the transcription cofactor tripartite motif-containing 28 (TRIM28) that also associates with DNA methyltransferase (cytosine-5) 1 (DNMT1) (30) . Taken together, it appears that IG-DMR-Rep functions as a scaffold for the ZFP57-TRIM28-DNMT1 complex and is required for the maintenance of DNA methylation imprints at IG-DMR. In addition, two other ZFP57-binding regions within IG-DMR located outside of IG-DMR-Rep have been reported. The ZFP57 regions were shown to be weakly enriched compared with that of IG-DMR-Rep in a chromatin immunoprecipitation experiment (29) . However, presently, the deletion of IG-DMR-Rep strongly affected the paternal methylation of IG-DMR, suggesting that ZFP57-binding motifs within, but not outside IG-DMRRep play a main role in the ZFP57-mediated maintenance of methylation at IG-DMR-Rep. It has been shown that repeated array sequences corresponding to IG-DMR-Rep are also identified in IG-DMR of humans and sheep (22) . However, interestingly, our previous report has shown that the genomic sequence of the 4.1 kb region at IG-DMR is not highly conserved among eutherians and that ZFP57-binding motifs are not found in the repeat array sequences in humans and sheep, implying that ZFP57 independent molecular mechanisms may be involved in the regulation of imprinted expression of the Dlk1-Dio3 domain in these species (31) .
Previously, four elements have been identified as evolutionary conserved; three are conserved sequences among eutherians (31) and one is the IG-DMR-Rep, the sequence of which itself is not highly conserved but which has a conserved structure present as a repeat array in mice, humans and sheep (22) . Of the four conserved elements, only the IG-DMR-Rep is responsible for the maintenance of paternal allele methylation. There is still a possibility that a region in the IG-DMR, other than IG-DMR-Rep, is required for the maintenance of methylation in the paternal allele. If there is such a region, it is not highly evolutionary conserved among eutherians and is likely to function in a species-specific manner. In summary, we revealed that the repeat array, IG-DMR-Rep, is one of the functional sequences of IG-DMR by producing genetically modified mice using genome editing technologies. Paternal inheritance of IG-DMR-Rep deletion allele resulted in loss of methylation imprints at IG-DMR through embryonic development and maternalization of the paternal Dlk1-Dio3 domain, indicating that IG-DMR-Rep is essential for paternalderived imprinting status of the domain through maintenance of DNA methylation at paternal IG-DMR. Because genomic organization and the imprinted status of human DLK1-DIO3 domain is similar to that of mouse, our findings will contribute to understanding of the mechanisms underlying the Kagami-Ogata syndrome and Temple syndrome, which are caused by paternal and maternal uniparental disomy of human chromosome 14, respectively (32) , if the repeat array sequences in humans play the same role as those in mice via an unidentified factor.
Materials and Methods
TALENs and CRISPR/Cas9
TALEN plasmids were constructed using Golden Gate TALEN and TAL Effector Kit (Addgene, Cambridge, MA, USA) using previously described protocols (33, 34) . sgRNA cloning vector and human codon-optimized Cas9 (hCas9) plasmids were gifted by George Church (Addgene plasmid #41824 and #41815, respectively) (35) . sgRNAs were cloned into sgRNA cloning vector as described by Inui et al. (36) using the primers listed in Supplementary Material, Table S2 . TALENs, sgRNAs and Cas9 were transcribed in vitro using the mMESSAGE/mMACHINE T7 Transcription Kit (Ambion, Austin, TX, USA). The templates, PvuII-digested TALEN plasmids or PCR products of amplified sgRNA sequence-inserted plasmids, Cas9 plasmid and primers are listed in Supplementary Material, Table S2 . RNAs were purified by the MEGAclear Transcription Clean-Up Kit (Ambion).
Microinjection and genotyping
For microinjection, fertilized eggs were collected from superovulated F 1 hybrids of C57BL/6 Â DBA/2 (BDF1) female mice crossed with BDF1 male mice (Sankyo Lab Service, Tokyo, Japan). Mixture of two sgRNAs and hCas9 mRNA (167 ng/ml each) or four TALEN mRNA (250 ng/ml each) were microinjected into the cytoplasm of the zygotes. Injected embryos were incubated in KSOM medium (ARK resource, Kumamoto, Japan) at 37 C overnight. Embryos at the two-cell stage were transferred into pseudopregnant ICR female mice. To obtain the F 1 generation, founder mice were crossed with C57BL/6 mice (Sankyo Lab Service). The offspring was crossed with C57BL/6 or JF1/Ms mice. JF1/Ms mice were obtained from the National Institute of Genetics. For genotyping, DNA was extracted from the tail tip using DirectPCR Lysis Reagent (Tail) (Viagen Biotech, Los Angeles, CA, USA). IG-DMR DRep alleles were detected by PCR using GoTaq (Promega, Madison, WI, USA) and the primers listed in Supplementary Material, Table S2 . Precise sequences of IG-DMR DRep alleles were determined by direct sequencing of PCR products as described previously (36) . All animal protocols were approved by the Animal Care and Use Committee of the National Research Institute for Child Health and Development, Tokyo, Japan. All experiments were conducted in accordance with the approved animal protocols.
Expression analysis of imprinted genes
Total RNA was isolated from 14.5 dpc embryos using ISOGEN (NIPPON GENE, Tokyo, Japan). cDNA was synthesized using SuperScript II (Thermo Fisher Scientific, Waltham, MA, USA) and Oligo dT primer. For Rtl1, cDNA was synthesized using a random primer (Thermo Fisher Scientific). qRT-PCR analysis was performed using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific) and the primers listed in Supplementary Material, Table S2 . For detecting expression alleles of the imprinted genes, RT-PCR products amplified with GoTaq (Promega) were treated with ExoSAP-IT (Affymetrix, Santa Clara, CA) and sequenced.
DNA methylation analysis
Genomic DNA was isolated from embryos by the standard phenol/chloroform extraction and ethanol precipitation. Genomic DNA was treated with EpiTect Bisulfite Kit (QIAGEN, GmbH, Hilden, Germany). PCR was performed using the primers listed in Supplementary Material, Table S2 and EpiTaq HS (Takara Bio, Shiga, Japan), and the products were cloned into pGEM-T easy vector (Promega). The plasmid DNAs were amplified with Illustra TempliPhi Amplification Kit (GE Healthcare, Piscataway, NJ, USA) and sequenced. Comparison of the methylation levels was performed by QUMA (QUantification tool for Methylation Analysis) (http://quma.cdb.riken.jp/top/index.html) (37) .
Histological analysis
The placenta was fixed in 4% paraformaldehyde in PBS(-). After fixation, the placenta was divided into two pieces and then embedded in paraffin. Paraffin sections were stained with hematoxylin and eosin. The thickness of the placental labyrinth layer was calculated by measuring the vertical length from the chorionic plate to spongiotrophoblast. These lengths were normalized by determination of the vertical length of the whole placenta.
Statistical analysis
At least two biological replicates were performed for all experiments. Statistical differences were determined by Student's t-test function in Microsoft Excel software. For comparison of the DNA methylation levels, Mann-Whitney U-test (included in QUMA) was used. P-value less than 0.05 was considered significant.
Supplementary Material
Supplementary Material is available at HMG online.
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